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HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


►  Peanut  shells  can  be  readily  con¬ 
verted  into  porous  carbon  nano¬ 
sheets  in  a  fluid  bed. 

►  Zr/Co/C  catalyst  has  been  obtained 
by  loading  Zr  and  Co  on  the  carbon 
surface. 

►  Zr/Co/C  exhibits  good  catalytic  ac¬ 
tivity  for  NaBH4  hydrolysis  in  PEM 
fuel  cells. 

►  A  kinetic  rate  equation  for  Zr/Co/C 
catalyzed  hydrolysis  of  NaBH4  is 
obtained. 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  26  September  2012 
Received  in  revised  form 
25  November  2012 
Accepted  1  January  2013 
Available  online  9  January  2013 


Keywords: 

Hydrogen 

Sodium  borohydride 
Carbon-supported  zirconium/cobalt 
Kinetics 


Porous  sheet-like  activated  carbon  was  prepared  in  a  fluidized  bed  using  peanut  shell  as  carbon  pre¬ 
cursor.  Cobalt  and  zirconium  were  impregnated  onto  the  carbon  by  impregnation-chemical  reduction 
method  to  obtain  carbon  nanosheets  supported  Co  and  Zr/Co  catalysts.  The  samples  were  characterized 
using  field  emission  scanning  electron  microscopy,  X-ray  diffraction,  H2-temperature-programmed 
reduction,  and  nitrogen  adsorption  measurements.  It  was  found  that  the  introduction  of  zirconium  to  the 
carbon-supported  cobalt  led  to  an  intensified  interaction  between  cobalt  and  the  support.  With  the 
activation  energy  of  34.84  kj  mol-1  and  maximum  hydrogen  generation  rate  of  1708  mL  min-1  g_1,  this 
novel  carbon-supported  Zr/Co  catalyst  exhibited  superior  catalytic  activity  for  the  hydrolysis  of  NaBH4  in 
alkaline  medium.  Furthermore,  the  effects  of  temperature,  catalyst  amount,  and  concentration  of  NaOH 
and  NaBH4  on  the  hydrolysis  process  were  systematically  studied,  and  an  overall  kinetic  rate  equation 
was  described  as  r  =  Ae_34840^RT)[catalyst]153[NaOH]_0-54[NaBH4]a43. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  development  of  low-cost,  eco-friendly,  and  sustainable 
energy  sources  is  undoubtedly  one  of  the  greatest  challenges  facing 
humanity  due  to  increasing  concerns  over  a  series  of  worldwide 
energy  and  environmental  problems.  In  the  past  decades,  research 
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around  nanoscale  interface  technologies  related  to  photovoltaics, 
batteries  and  fuel  cells  has  brought  fascinating  breakthroughs  in 
energy  conversion  and  storage  [1-3].  In  particular,  so  much 
attention  has  been  paid  to  hydrogen  fuel  cells  as  attracting  clean 
and  efficient  power  generation  devices  that  they  are  now  on  the 
verge  of  commercialization  in  transportation  applications  [4-6]. 
However,  one  of  the  unsolved  problems  for  mobile  applications  of 
hydrogen  fuel  cells  technology  is  the  cost-effective  generation  and 
safe  storage  of  hydrogen  [7]. 

Considerable  efforts  have  proved  that  sodium  borohydride 
(NaBH4)  can  be  a  safer  alternative  than  compressed  or  liquefied 
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hydrogen.  NaBH4  exhibits  the  advantages  of  high  hydrogen  storage 
density,  together  with  an  easy  hydrogen  release  through  a  hydro¬ 
lysis  reaction  (NaBH4  +  2H20  -►  NaB02  +  4H2)  that  can  be  con¬ 
trolled  catalytically  [7-9].  It  is  worth  noticing  that  this  reaction 
produces  pure  and  slightly  humid  hydrogen  that  can  be  directly 
used  in  proton  exchange  membrane  (PEM)  fuel  cells.  Moreover,  the 
only  by-product  (NaB02)  is  environmentally  benign  and  can  be 
recycled  back  to  NaBH4.  Because  the  hydrogen  production  process 
of  NaBH4  hydrolysis  is  largely  dependent  on  the  catalyst,  many 
efforts  have  been  directed  toward  design  of  catalysts  less  costly  and 
more  separable  than  typically  used  noble  metals  such  as  Pt  [10],  Ru 
[11],  and  Pd  [12],  and  cobalt-based  catalysts  were  found  to  have 
high  activity  and  stability  [8,9,13,14].  As  the  major  limiting  step  for 
the  reaction  is  the  accessibility  of  the  active  sites,  the  use  of 
nanomaterials  has  attracted  increasing  interest.  Besides,  supported 
catalysts  are  highly  promising  owning  to  their  advantages  of  easy 
separation,  reusability,  and  cost-effectiveness  [15-17]. 

It  has  been  abundantly  reported  that  carbon-supported  cobalt 
can  be  used  as  a  potential  catalyst  for  the  hydrolysis  of  NaBH4  in 
alkaline  solutions  because  activated  carbon  is  very  stable  in  strong 
alkaline  solutions  and  possesses  high  specific  surface  area  which  is 
helpful  for  the  dispersion  of  active  catalysts  [18-20].  However,  all 
the  reported  carbon  supports  are  commercially  available  or  pre¬ 
pared  by  pure  precursors  such  as  glucose.  There  is  neither  report  on 
carbon  support  directly  prepared  by  cheap  biomass  waste,  nor  is 
there  any  report  on  the  influence  of  introducing  other  metals  on  the 
hydrogen  production  activity  of  carbon-supported  cobalt  catalysts. 
In  this  report,  the  abundantly  available  biomass  waste,  peanut  shell, 
is  used  as  a  precursor  to  fabricate  activated  carbon  with  nanosheet 
structure,  and  a  novel  zirconium-doped  carbon-supported  cobalt 
catalyst  is  prepared  by  impregnation-chemical  reduction  method 
using  the  carbon  nanosheets  as  support.  The  catalytic  performance 
of  the  catalyst  for  the  hydrolysis  of  NaBH4  in  alkaline  media  is  also 
systematically  investigated  and  evaluated. 

2.  Experimental 

2.1.  Preparation  of  carbon  nanosheets 

Raw  peanut  shells  for  the  preparation  of  activated  carbon 
nanosheets  were  collected  from  local  market  in  Qingdao,  China. 
Peanut  shells  were  first  washed  and  dried  at  100  °C  overnight  and 
then  ground  and  sieved  to  200  mesh  (74  pm).  After  that,  the  bio¬ 
mass  particles  were  placed  into  a  fluidized  bed  under  a  stream  of 
N2.  The  fluidized  bed  was  heated  at  a  rate  of  25  °C  min-1  to  500  °C 
with  a  1  h  hold  at  this  temperature,  then,  it  was  further  heated  to 
800  °C  while  the  atmosphere  was  switched  to  C02.  The  carbonized 
peanut  shell  particles  were  then  activated  under  C02  at  800  °C  for 
2  h.  After  that,  the  sample  was  treated  with  30%  HNO3  solution  at 
60  °C  for  5  h,  and  then  it  was  rinsed  thoroughly  with  distilled  water 
to  remove  minerals  and  ash  before  dried  at  60  °C  for  use. 

2.2.  Preparation  of  the  catalysts 

The  catalysts  were  prepared  by  impregnation-chemical 
reduction  method.  Typically,  a  required  amount  of  cobalt  nitrite 
(Co(N03)2-6H20)  and  zirconium  nitrate  (Zr(N03)4-5H20)  was 
dissolved  in  50  mL  of  distilled  water.  Then,  5  g  of  the  as-prepared 
activated  carbon  was  added  into  this  solution  and  the  mixture  was 
treated  under  ultrasound  with  a  frequency  of  60  kHz  for  30  min. 
The  excess  of  water  was  evaporated  at  120  °C  for  10  h  and  the  Co 
and  Zr  precursors  were  reduced  by  means  of  2.65  M  NaBH4  so¬ 
lution.  After  that,  the  mixture  was  filtered,  rinsed,  and  dried  in 
a  vacuum.  Finally,  the  sample  was  calcined  in  a  N2  flow  at  450  °C 
for  4  h  to  obtain  the  carbon-supported  Zr/Co  catalyst  (denoted  as 


Zr/Co/C)  with  5  wt%  of  Zr.  The  carbon-supported  Co  catalyst 
(denoted  as  Co/C)  with  10  wt%  of  Co  was  obtained  in  the  same 
way,  except  that  Zr(N03)4-5H20  was  not  added  in  the  process. 

2.3.  Characterization 

The  morphology  of  the  as-prepared  activated  carbon  and 
the  catalysts  were  examined  with  a  JEOLJSM-6700F  field  emission 
scanning  electron  microscope  (FESEM)  equipped  with  energy  dis¬ 
persive  X-ray  spectroscopy  (EDS).  Powder  X-ray  diffraction  (XRD) 
patterns  of  the  samples  were  obtained  with  a  D8  Advance  X-ray 
diffractometer  at  40  kV  and  100  mA  using  monochromatic  Cu  Ka 
radiation.  After  solubilization  of  the  samples  in  H2S04:HN03:HC1 
solutions,  elemental  analysis  was  performed  using  a  Thermo-Fisher 
inductively  coupled  plasma  optical  emission  spectrometer  (ICP- 
OES).  The  specific  surface  area,  total  pore  volume,  and  average  pore 
size  of  the  samples  were  measured  by  nitrogen  physisorption  using 
a  Quantachrome  Autosorb-lC  system  after  the  samples  had  been 
degassed  under  a  flow  of  N2  at  180  °C  for  6  h.  The  surface  area  was 
estimated  by  the  Brunauer-Emmett-Teller  (BET)  method,  and  the 
average  pore  size  and  total  pore  volume  were  determined  by  the 
Barrett-Joyner-Halenda  (BJH)  method.  Temperature-programmed 
reduction  (TPR)  experiments  were  conducted  under  a  mixed  at¬ 
mosphere  of  8  vol%  of  H2  in  N2  with  a  total  flow  rate  of  45  mL  min-1, 
while  the  temperature  was  increased  to  800  °C  at  a  heating  rate  of 
5  °C  min-1.  The  H2  consumption  rate  was  monitored  in  a  thermal 
conductivity  detector  (TCD)  calibrated  previously  using  the 
reduction  of  CuO  as  the  standard. 

2.4.  Catalytic  activity  experiments 

All  the  hydrogen  generation  experiments  were  initiated  by 
dropping  a  desired  amount  of  catalyst  into  the  NaBH4-NaOH  so¬ 
lution  in  a  flask  quickly.  The  flask  was  under  water  bath  to  maintain 
at  a  given  temperature.  During  the  reaction  process,  a  wet  gas 
meter  was  used  to  measure  the  cumulative  volume  of  the  gen¬ 
erated  hydrogen  over  time.  No  further  stirring  was  adopted  during 
the  reaction  because  the  produced  hydrogen  can  generate  vigorous 
bubble  in  the  reactor  hence  facilitate  the  contact  between  the 
reactant  and  the  catalyst. 

It  is  commonly  known  that  the  hydrolysis  rate  of  NaBH4  de¬ 
pends  on  factors  such  as  solution  temperature,  amount  of  catalyst, 
and  concentration  of  NaBH4  and  NaOH  [11,20,21].  Therefore,  we 
carried  out  a  series  of  experiments  to  examine  the  effects  of  these 
factors  on  hydrogen  production.  Hydrogen  generation  rate  was 
measured  at  different  temperatures  (25, 30, 35, 40  °C)  to  determine 
the  activation  energy,  and  different  dosages  or  concentrations  of 
the  catalyst  (0.05-0.2  g),  NaOH  (1-10  wt%)  and  NaBH4  (1-15  wt%) 
were  used  for  the  measurements  in  which  one  parameter  was 
varied  while  the  others  were  kept  constant. 

3.  Results  and  discussion 

3.1.  Characterization 

The  surface  area  and  pore  size  distribution  of  the  as-prepared 
activated  carbon  were  determined  with  nitrogen  adsorption- 
desorption  measurements.  Fig.  1  shows  a  typical  IV  isotherm  with 
a  steep  adsorption  rise  below  the  relative  pressure  of  0.1  and 
a  hysteresis  loop  in  the  relative  pressure  range  of  0.5-0.95,  indi¬ 
cating  that  the  as-prepared  activated  carbon  possessed  micro- 
porous  and  mesoporous  structures.  The  BET  surface  area  and  the 
total  pore  volume  of  the  sample  were  calculated  to  be  as  high  as 
1059  m2  g-1  and  0.8  cm3  g-1,  respectively.  In  addition,  the  BJH  pore 
size  distribution  (inset  of  Fig.  1)  obtained  from  the  isotherm 
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Relative  pressure  (p/p0) 


Fig.  1.  N2  adsorption-desorption  isotherm  (inset:  pore  size  distribution)  of  the  as- 
prepared  activated  carbon. 

suggests  that  the  sample  contained  narrowly  distributed  pores 
with  sizes  generally  below  20  nm. 

Porous  activated  carbons  with  high  specific  area  are  commonly 
employed  for  catalyst  supports  because  their  superior  capability  to 
adsorb,  stabilize,  and  disperse  the  active  catalysts  [10,17].  Inspired 
by  this  idea,  we  investigated  the  application  of  the  as-prepared 
peanut  based  carbon  as  support  for  cobalt  and  zirconium  oxides. 
Fig.  2  shows  the  morphology  of  the  as-prepared  carbon  support, 
the  Co/C  and  Zr/Co/C  catalysts.  The  porous  nanosheet  nature  of  the 
peanut  shell  based  carbon  is  clearly  revealed  in  Fig.  2a  and  b,  where 
petal-like  sheets  with  thickness  of  less  than  10  nm  interconnected 
with  each  other,  forming  well-defined  porous  structure.  The  Co/C 
(Fig.  2c)  and  Zr/Co/C  (Fig.  2d)  catalysts  also  exhibited  nanosheet 


structures,  which  contained  many  broken  and  irregular  particles  on 
the  surfaces,  especially  for  Zr/Co/C.  It  has  been  reported  that  the 
carbonization  and  acidification  treatment  of  biomass  can  result  in 
lots  of  surface  oxygen-containing  functional  groups  which  form 
anchoring  sites  for  metallic  precursors  [18].  Thus,  it  is  quite  con¬ 
ceivable  here  that  these  oxygen-containing  groups  played  an  major 
role  in  binding  or  coordinating  cobalt  and  zirconium  ions  onto  the 
surface  of  the  carbon  nanosheets,  leading  to  the  formation  of  dis¬ 
persive  C03O4  and  Zr02. 

The  chemical  composition  and  phase  purity  of  the  samples  were 
determined  by  XRD,  which  confirms  that  C03O4  and  Zr02  were 
successfully  loaded  on  the  carbon  nanosheets  support,  as  shown  in 
Fig.  3.  It  is  evident  that  the  main  diffraction  peaks  located  at  33.3°, 
36.9°,  45.1°,  59.4°,  and  65.4°  in  the  XRD  pattern  of  the  Co/C  sample 
can  be  well  assigned  to  C03O4,  which  is  in  good  agreement  with 
previous  findings  where  C03O4  was  also  obtained  with  calcination 
after  impregnation  [22].  Furthermore,  the  pattern  of  the  Zr/Co/C 
sample  appears  some  main  characteristic  peaks  of  Zr02  located  at 
31.8°,  50.6°,  and  60.9°,  indicating  the  formation  of  crystalline  Zr02. 
The  diffraction  peaks  of  C03O4  in  Zr/Co/C  were  sharper  and  nar¬ 
rower  than  that  in  Co/C,  which  suggests  an  increase  in  the  crys¬ 
talline  size  of  C03O4  with  the  introduction  of  zirconium  in  the 
catalyst.  According  to  the  full  width  at  the  half-maximum  of 
the  diffraction  peaks,  the  average  crystallite  size  (estimated  by  the 
Scherrer  equation)  of  C03O4  in  Co/C  and  Zr/Co/C  was  33.7  and 
67.1  nm,  respectively. 

EDS  and  ICP-OES  were  further  used  to  determine  the  loading 
content  of  Co  and  Zr  on  the  carbon  nanosheets  of  the  two  catalysts. 
As  shown  in  Table  1,  the  values  obtained  using  both  EDS  and  ICP- 
OES  were  very  close  to  the  theoretical  loadings.  It  is  interesting  to 
note  that  some  deviations  were  observed  between  the  two 
methods  of  analysis.  EDS  is  typically  a  quick  and  simple  method  for 
characterization  of  carbon  based  catalysts,  and  with  proper  sample 
preparation  and  adequate  data  capture  it  can  produce  reliable  re¬ 
sults  [9].  It  is  believed  the  deviations  here  are  attributed  to  the 


Fig.  2.  FESEM  images  of  the  carbon  nanosheets  (a,  b),  the  Co/C  (c)  and  the  Zr/Co/C  (d)  catalysts. 
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Fig.  3.  XRD  patterns  of  the  carbon  nanosheets,  the  Co/C,  and  the  Zr/Co/C  catalysts. 

small  sample  size  used  for  the  EDS  analysis.  However,  the  values 
obtained  by  EDS  analysis  were  not  so  much  deviated  from  those 
determined  by  ICP  analysis  reflecting  the  overall  metal  content  of 
a  relatively  large  amount  of  sample,  which  in  turn,  demonstrates 
a  good  distribution  and  dispersion  of  C03O4  and  Zr02  on  the  carbon 
support. 

As  a  useful  way  to  obtain  information  about  the  degree  of 
interaction  of  the  supported  phase  with  the  carrier  [23],  TPR  was 
performed  to  determine  the  reduction  behaviors  of  C03O4  and  Zr02 
in  the  catalysts,  as  shown  in  Fig.  4.  For  the  Co/C  catalyst,  there 
appears  only  one  reduction  peak  at  the  temperature  of  436  °C, 
which  is  different  from  the  double  peaks  for  C03O4  reported  pre¬ 
viously  [22,24].  This  difference  was  likely  due  to  the  porous  carbon 
nanosheets  support  with  a  large  surface  area,  which  resulted  in  fine 
dispersion  of  nanosized  C03O4  nanoparticles.  Hence,  C03O4  could 
fully  contact  with  the  reduction  atmosphere  and  the  typically 
observed  two-step  reduction  (Co3+  ->  Co2+  ->  Co0)  was  perfectly 
overlapped.  For  the  Zr/Co/C  catalyst,  the  introduction  of  Zr02 
markedly  affected  the  reduction  behavior  of  the  catalyst.  On  one 
hand,  a  broad  triplet  peak  was  observed  in  the  temperature  range 
of  350-600  °C,  suggesting  an  interaction  between  surface  C03O4 
species  and  the  doped  Zr02.  The  first  two  protuberances  at  455  and 
510  °C  attributed  to  the  two-step  reduction  of  C03O4  shifted  to 
a  higher  temperature,  indicating  a  stronger  interaction  between 
cobalt  and  the  carbon  support.  On  the  other  hand,  the  Zr02 
reduction  was  shown  by  a  protuberance  at  577  °C,  a  temperature 
a  little  higher  than  that  for  the  reduction  of  pure  Zr02,  which  was 
likely  due  to  the  reduction  of  Co304-Zr02  interaction  species  [22]. 
These  results  indicate  that  the  addition  of  Zr02  led  to  an  intensified 
interaction  between  the  components  in  the  Zr/Co/C  catalyst. 

3.2.  Performance  of  the  catalysts 

The  catalytic  test  of  the  two  catalysts  for  NaBH4  hydrolysis  was 
carried  out.  The  reaction  solution  was  15  mL  of  5  wt%  NaBH4  and 


Table  1 

The  loading  content  of  Co  and  Zr  on  Co/C  and  Zr/Co/C. 


Catalyst 

Theoretical 

Content  from 

Content  from 

content  (wt%) 

EDS  (wt%) 

ICP-OES  (wt%) 

Co  Zr 

Co  Zr 

Co 

Zr 

Co/C 

10 

9.7 

9.4 

Zr/Co/C 

10  5 

9.3  4.1 

9.5 

4.5 

Temperature  (°C) 

Fig.  4.  TPR  profiles  of  the  Co/C  and  Zr/Co/C  catalysts. 


2  wt%  NaOH,  and  the  amount  of  the  catalysts  was  0.2  g.  The  hy¬ 
drolysis  reaction  was  also  performed  in  the  presence  of  the  bare 
carbon  nanosheets  support  in  order  to  understand  if  the  support 
could  act  as  catalyst  due  to  its  porous  composite  nature.  As  high¬ 
lighted  in  Fig.  5,  obviously,  the  carbon  support  had  no  catalytic 
activity  toward  the  hydrolysis  of  NaBH4.  In  contrast,  both  Co/C  and 
Zr/Co/C  exhibited  notably  fast  hydrogen  generation  kinetics,  which 
indicates  that  the  active  components  of  the  catalysts  were  C03O4 
and  Zr02  rather  than  the  carbon  support.  Moreover,  the  reaction 
using  the  Zr/Co/C  catalyst  completed  within  a  much  shorter  time 
than  that  using  the  Co/C  catalyst,  suggesting  that  the  addition  of 
Zr02  in  the  catalyst  had  a  significant  effect  on  the  rate  of  NaBH4 
hydrolysis.  Table  2  also  shows  that  the  maximum  hydrogen  gen¬ 
eration  rate  of  Zr/Co/C  was  much  higher  than  those  of  most  of 
previous  cobalt-based  catalysts.  We  believe  such  an  enhanced 
hydrogen  generation  rate  is  related  to  the  increased  crystallite  size 
of  C03O4  and  the  intensified  interaction  between  cobalt  and  the 
support  in  the  presence  of  zirconia,  as  confirmed  by  the  above- 
mentioned  characterization  analysis.  Since  Zr/Co/C  exhibited 


Fig.  5.  The  hydrogen  generation  performance  of  the  carbon  nanosheets,  the  Co/C,  and 
the  Zr/Co/C  catalysts. 
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Table  2 

Hydrogen  generation  rate  and  activation  energy  of  various  cobalt-based  catalysts. 


Catalyst 

Preparation  method 

Hydrogen  generation 
rate  (mL  min-1  g-1) 

Activated  energy 
(kj  mol-1) 

Reference 

Co-B 

Chemical  reduction 

875 

64.87 

[25] 

Ni-Co-B 

Chemical  reduction 

168 

62.00 

[26] 

Multiwalled  carbon  nanotubes  supported  Co 

Impregnation-chemical  reduction 

5100 

40.40 

[27] 

Carbon-supported  Co— B 

Impregnation-chemical  reduction 

1268 

57.80 

[28] 

Activated  carbon-supported  Co 

Impregnation-chemical  reduction 

- 

45.64 

[29] 

Y-A1203  supported  Co  catalyst 

Impregnation-chemical  reduction 

220 

32.63 

[29] 

Ni-foam  supported  Co— B 

Modified  electroless  plating 

663 

33.00 

[30] 

Attapulgite  clay-supported  Co— B 

Impregnation-chemical  reduction 

1271 

56.32 

[31] 

Carbon  nanosheets  supported  Zr/Co 

Impregnation-chemical  reduction 

1708 

34.84 

This  work 

better  catalytic  activity  than  Co/C,  it  was  chosen  as  the  research 
focus  in  the  following  experiments. 

3.3.  Kinetic  experiments 

It  is  of  great  significance  to  investigate  the  kinetics  of  NaBH4 
hydrolysis  reaction  since  it  can  provide  useful  information  about 
the  role  of  many  experimental  factors  on  the  hydrogen  generation 
rate  [21].  During  the  NaBH4  hydrolysis,  solution  temperature, 
amount  of  catalyst,  concentration  of  NaOH  and  NaBH4  determine 
the  reaction  rate,  and  the  hydrogen  generation  rate  equation  can  be 
expressed  as 


r  =  Ae-E“^Rr  [catalyst]*  [NaOHp'  [NaBH4f  ( 1 ) 

where  r  is  the  hydrogen  generation  rate,  A  the  pre-exponential 
factor,  Ea  the  activation  energy,  R  the  universal  gas  constant,  T  the 
hydrolysis  temperature,  and  x,  y,  z  are  the  reaction  orders  with 
respect  to  the  amount  of  catalyst,  the  concentration  of  NaOH  and 
NaBH4,  respectively. 

3.3 A.  Effect  of  solution  temperature 

The  effect  of  temperature  on  the  NaBH4  hydrolysis  was  inves¬ 
tigated  at  a  temperature  range  of  25-40  °C  with  0.2  g  of  Zr/Co/C  in 
15  mL  of  5  wt%  NaBH4-2%  wt%  NaOH.  As  illustrated  in  Fig.  6a,  the 


Time  (min) 


Fig.  6.  Effects  of  temperature  (a),  amount  of  catalyst  (b),  NaOH  concentration  (c),  and  NaBH4  concentration  (d)  on  NaBH4  hydrolysis  using  the  Zr/Co/C  catalyst. 
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hydrogen  generation  rate  increased  gradually  with  the  solution 
temperature  increasing  from  25  to  40  °C.  According  to  the  inset 
Arrhenius  plot  of  In  (r)  versus  1/T,  the  slope  of  the  straight  line 
representing  the  activation  energy  was  calculated  to  be 
34.84  kj  mol-1.  This  was  a  much  lower  value  than  those  the  ma¬ 
jority  of  previously  reported  cobalt-based  catalysts  had  shown,  as 
listed  in  Table  2.  The  favorable  activation  energy,  together  with  the 
high  catalytic  activity  and  low  cost  of  Zr/Co/C  makes  it  a  very 
promising  catalyst  in  developing  PEM  fuel  cells. 

3.3.2.  Effect  of  Zr/Co/C  amount 

The  effect  of  the  Zr/Co/C  amount  on  hydrogen  generation  rate 
was  investigated  by  hydrolysis  of  15  mL  5  wt%  NaBH4-2%  wt%  NaOH 
solution  at  25  °C  varying  the  amount  of  Zr/Co/C  while  keeping  other 
factors  constant,  and  the  result  is  shown  in  Fig.  6b.  Since  the 
hydrogen  production  process  took  longer  when  the  catalyst  dosages 
were  0.10  and  0.05  g,  only  the  initial  experimental  data  were 
selected  to  draw  the  figure  for  these  two  cases.  With  the  amount  of 
the  catalyst  increasing  from  0.05  to  0.2  g,  the  average  hydrogen 
generation  rate  increased  gradually  from  40.5  to  131.6, 177.7,  and 
356.4  mL  min-1.  Hence,  the  hydrogen  generation  rate  can  be  con¬ 
trolled  by  adjusting  the  catalyst  amount  used  in  the  hydrolysis  re¬ 
action.  In  addition,  the  In  (r)  versus  In  (catalyst  amount)  is  plotted  in 
the  inset  of  Fig.  6b,  from  which  we  can  see  the  In  (r)  changed  almost 
linearly  with  the  In  (catalyst  amount),  and  the  slope  of  the  straight 
line,  which  determined  the  order  of  reaction  (x),  was  1.53. 

3.3.3.  Effect  of  NaOH  concentration 

The  NaBH4  solution  can  hydrolyze  spontaneously  when  the  pH 
value  of  the  solution  is  lower  than  9.  To  keep  the  NaBH4  solution 
stable  at  room  temperature,  NaOH  is  usually  added  to  the  solution 
as  a  stabilizer.  Nevertheless,  the  concentration  of  NaOH  sig¬ 
nificantly  affects  the  hydrogen  generation  rate.  As  shown  in  Fig.  6c, 
when  NaOH  concentration  varied  from  1  wt%  to  10  wt%  in  the 
presence  of  5  wt%  NaBH4  solution  and  0.2  g  of  Zr/Co/C  at  25  °C,  the 
hydrogen  generation  rate  decreased  gradually  with  increasing 
NaOH  concentrations.  At  low  NaOH  concentration  of  1  wt%,  the 
reaction  rate  was  quite  fast,  and  the  hydrogen  production  process 
completed  within  6.5  min.  When  the  NaOH  concentration 
increased  to  10  wt%,  the  hydrogen  production  rate  reduced  dras¬ 
tically,  extending  the  whole  reaction  process  to  15  min,  more  than 
twice  as  much  time  as  when  1  wt%  NaOH  was  used.  The  In  (r)  versus 
In  (NaOH  concentration)  in  the  inset  of  Fig.  6c  shows  that  the  slope 
of  the  straight  line  was  -0.54,  confirming  NaOH  had  a  negative 
effect  on  the  hydrogen  generation  rate.  It  is  worth  noting  that  these 
findings  are  different  from  our  previous  study  where  attapulgite 
clay-supported  Co-B  was  used  as  the  catalyst  [31  ].  In  that  case,  the 
hydrogen  generation  rate  increased  remarkably  with  increasing 
NaOH  concentrations  because  high  NaOH  concentration  could 
promote  the  production  of  active  Co-B  component,  which  sig¬ 
nificantly  accelerated  the  hydrolysis.  For  the  Zr/Co/C  catalyst  in  this 
study,  higher  concentrations  of  NaOH  would  likely  lead  to  reduced 
activity  of  water.  Meanwhile,  the  increase  of  NaOH  concentration 
brings  about  augmented  dense  of  OH-,  which  is  considered  to  be 
a  competitive  absorbate  of  BH4  for  the  catalyst  surface  [32].  Con¬ 
sequently,  more  OH-  would  occupy  the  adsorption  sites,  and  it 
is  less  likely  for  BH4  to  contact  with  the  active  components  on  the 
Zr/Co/C  catalyst,  which  decreases  the  hydrogen  generation  rate. 

3.3.4.  Effect  of  NaBH4  concentration 

As  NaBH4  is  the  hydrogen  source  in  the  hydrolysis  reaction,  its 
concentration  is  the  crucial  factor  that  determines  the  kinetics  of 
the  reaction.  Therefore,  the  effect  of  NaBH4  concentration  on 
the  hydrogen  generation  rate  was  further  studied  using  NaBH4 
with  different  concentrations  (1,  5, 10, 15,  and  20  wt%)  and  2  wt% 


NaOH  at  25  °C.  Fig.  6d  shows  the  hydrogen  generation  volume  as 
a  function  of  time  with  the  catalyst  dosage  of  0.2  g.  The  hydrogen 
generation  rate  increased  significantly  when  the  concentration 
of  NaBH4  increased  from  1  wt%  to  15  wt%.  However,  with  the 
NaBH4  concentration  further  increased  to  20  wt%,  the  hydrogen 
generation  rate  dropped  remarkably.  Also,  unlike  most  previous 
reports,  the  data  showed  a  parabolic  tread  rather  than  a  linear 
one  even  from  the  beginning  of  the  reaction  when  20  wt% 
NaBH4  was  used.  A  similar  observation  was  made  by  Xu  et  al.  on 
carbon-supported  cobalt  catalyst  [19].  They  indicated  that  the 
decreased  hydrogen  generation  rate  may  be  due  to  mass  trans¬ 
portation  limitations  resulted  from  an  increased  viscosity  of  the 
reaction  solution. 

Here,  we  believe  that  mass  and  heat  transfer  process  should  be 
considered  simultaneously  when  the  Zr/Co/C  catalyst  is  studied  in 
the  NaBH4  hydrolysis  reaction.  It  is  possible  that  the  hydrogen 
generation  rate  depends  on  the  competition  between  the  effects  of 
mass  transfer  and  heat  transfer.  Table  3  lists  the  viscosity  of  dif¬ 
ferent  concentrations  of  NaBH4  solution  before  and  after  reaction. 
When  the  concentration  of  NaBH4  was  below  20  wt%,  the  solution 
viscosity  obtained  was  relatively  low,  and  the  mass  transfer  limi¬ 
tation  was  relatively  weak,  so  the  hydrogen  generation  rate  was 
mainly  controlled  by  heat  transfer.  As  the  NaBH4  hydrolysis  reac¬ 
tion  is  exothermic,  the  higher  the  NaBH4  concentration  is,  the  more 
heat  will  be  produced  by  the  hydrolysis  reaction.  The  heat  inside 
the  reaction  system  leads  to  the  increase  of  reaction  temperature, 
which  accelerates  the  hydrogen  generation  rate  by  fast  hydrolysis 
of  NaBH4  in  the  system.  However,  when  the  concentration  of  NaBH4 
increases  to  20  wt%,  the  concentration  of  the  produced  NaB02 
would  also  rise  remarkably,  which  gives  rise  to  the  increase  of  the 
solution  viscosity.  As  calculated  from  Table  3,  with  a  NaBH4  con¬ 
centration  of  20  wt%,  the  viscosity  of  the  solution  increased  by 
2707%  after  the  reaction  completed,  far  more  than  that  with  NaBH4 
concentrations  of  1—15  wt%.  The  increase  of  viscosity  not  only 
limits  the  mass  transfer  of  NaBH4  from  the  solution  to  the  inner 
surface  of  the  catalyst,  but  also  hampers  the  diffusion  of  NaB02 
from  the  catalyst  to  the  reaction  solution.  As  a  result,  the  hydrogen 
generation  rate  is  predominantly  controlled  by  mass  transfer  rather 
than  heat  transfer,  and  a  relatively  low  hydrogen  generation  rate  is 
consequently  obtained.  In  addition,  the  control  experiment  reveals 
that  even  under  mechanical  stirring  condition  of  200  r  min-1,  the 
viscosity  of  the  solution  with  20  wt%  NaBH4  was  still  quite  high 
when  the  reaction  completed,  and  the  hydrogen  generation  rate 
did  not  change  significantly.  Hence,  only  the  NaBH4  concentrations 
less  than  20  wt%  were  adopted  to  determine  the  reaction  order  in 
the  inset  of  Fig.  6d,  where  the  slope  was  0.43. 

According  to  the  above  investigations,  the  activation  energy  and 
the  x,  y  and  z  factors  for  the  NaBH4  hydrolysis  reaction  are  obtained, 
and  the  final  overall  kinetic  equation  with  the  concentration  of 
NaBH4  less  than  20  wt%  can  be  expressed  as 

r  =  y4e-3484°/(Rr)  [catalyst] 1 53  [NaOH]  054  [NaBH4]0,43  (2 ) 

Such  a  quantitative  kinetic  expression  will  definitely  provide 
helpful  information  when  the  Zr/Co/C  catalyst  is  used  for  devel¬ 
oping  PEM  fuel  cells. 


Table  3 

Viscosity  of  different  concentrations  of  NaBH4  solution  before  and  after  reaction. 


NaBH4  concentration  (wt%) 

Before  reaction  (mPa  s) 

After  reaction  (mPa  s) 

1 

1.12 

1.16 

5 

1.25 

2.34 

10 

1.31 

3.88 

15 

1.35 

6.25 

20 

1.42 

39.86 

196 
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4.  Conclusions 

In  summary,  a  novel  porous  sheet-like  activated  carbon  has 
been  prepared  in  a  fluidized  bed  using  cheap  and  renewable  peanut 
shell  as  carbon  precursor,  and  cobalt  and  zirconium  have  been 
successfully  impregnated  on  the  carbon  nanosheets  support  by  the 
impregnation-chemical  reduction  method.  The  as-prepared  Zr/Co/ 
C  catalyst  shows  superior  catalytic  activity  for  the  hydrolysis  of 
NaBH4.  Besides,  the  overall  kinetics  of  the  NaBH4  hydrolysis  reac¬ 
tion  catalyzed  by  Zr/Co/C  is  obtained  by  a  series  of  experiments.  We 
believe  Zr/Co/C  has  the  potential  to  be  used  as  a  cost-effective  and 
sustainable  catalyst  for  the  hydrolysis  of  NaBH4  in  PEM  fuel  cells. 
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